The integration of GaN-based light-emitting diodes (LEDs) onto flexible platforms provides opportunities for conformal lighting, wearable electronics, and bendable displays. While this technology may enhance the functionality of the light source, the development of flexible GaN LEDs suffers from performance degradation, when mechanical bending is applied during operation. A unique approach to eliminate the degradation employs dot-in-wire structures, using cylindrical light-emitting heterostructures that protrude above the flexible platform, separating the active light-emitting region from the bending substrate. Here, we demonstrate the optical enhancement of nanowire light emitters by changing the geometric orientation within a 1 × 1 mm 2 array of nanowires on a flexible platform through bending of the substrate platform. The flexible structures were achieved by transferring GaN nanowire LEDs from sapphire substrates onto flexible polyethylene terephthalate (PET) using a "paste-and-cut" integration process. The I-V characteristics of the nanowire LEDs showed negligible change after integration onto the PET, with a turn-on voltage of 2.5 V and a forward current of 400 μA at 4 V. A significant advantage for the nanowire devices on PET was demonstrated by tilting the LEDs through substrate bending that increased the electroluminescence (EL) intensity, while the I-V characteristics and the EL peak position remained constant. Through finite-element analysis and three-dimensional finite-difference time-domain modeling, it was determined that tilting the protruding devices changed the effective distance between the structures, enhancing their electromagnetic coupling to increase light output without affecting the electrical properties or peak emission wavelength of the LEDs.
INTRODUCTION
GaN-based "dot-in-nanowire" light-emitting diodes (LEDs), cylindrical devices that mimic a quantum dot within a nanowire (NW) structure, are an emerging technology for phosphor-free whitelighting applications and ultraviolet light emitters. 1, 2 The emission from an array of LEDs, having a typical diameter of~250 nm, is dependent on waveguide modes coupled through the geometry of the cylinder and the distance between neighboring devices. Geometric modifications through altering the LED diameter and spacing enables optimal light extraction within a network. Fundamental waveguide modes are established through a fixed periodic array of LEDs that creates a quasi-two-dimensional photonic crystal. [2] [3] [4] [5] [6] Integrating these light emitters onto flexible substrates would allow the LED positions to change by mechanically manipulating the flexible platform, enabling a novel approach to geometrically control the photonic devices. Earlier reports showed the integration of core/shell InGaN/GaN NW LEDs into a flexible polymeric substrate, 7 by embedding the devices within an elastomeric layer. While creating a flexible assembly, the encapsulation of the LEDs within the elastomer limits the motion of the NWs, and the LEDs would experience mechanical strain within the active region of the device during substrate bending. In addition, these initial reports did not characterize the current-voltage (I-V) behavior of the flexible NW LEDs under mechanical strain, and the effect of substrate bending on the NW LED light-output characteristics, is not well understood.
This investigation demonstrates the feasibility and understanding of using vertical NW LED structures integrated on top of flexible substrates to separate the electrically active region of the LED from the bending platform, minimizing the performance degradation encountered in flexible planar LED structures. This novel orientation avoids common problems observed in flexible LEDs, such as peak emission wavelength shifts and decreased light output during applied mechanical stress. [8] [9] [10] [11] This degradation is mainly due to a strain-induced piezoelectric response affecting the active region of the LED. As bending increases, piezoelectric fields produced in the quantum wells create a measureable peak shift in the electroluminescence (EL) characteristics that affects spectral uniformity of the LEDs and degrades the performance of the light emitters for applications, such as solid-state lighting and next-generation displays. This effect is less significant for cylindrical LED structures that are oriented normal to the flexible platform. Under bending, the LED devices are free to move, since the plane of bending is outside of the active region of the NW device. 12 
RESULTS
A finite-element analysis (FEA) method was used to predict the induced strain and motion of vertically oriented NW structures on flexible platforms during substrate bending. The FEA model, based on actual structures grown by plasma-assisted molecular-beam epitaxy (PAMBE), consisted of cylindrical nanostructures having diameters of~250-nm, separated by a 350-nm pitch positioned on a 3-µm-thick GaN film in contact with a 1-µm-thick metallic electrode bonded to a 175-µm-thick flexible polyethylene terephthalate (PET) substrate. To simulate the bending stress on the PET substrate, a bending moment M, applied along the ends of the substrate, is first determined from the Stoney equation,
. A bending moment of 0.0225 N·m was used for R = 38 mm, where d and w are the substrate thickness and width, respectively, R is the radius of curvature, and E is the elastic moduli. Figure 1 shows the stress distribution within the substrate and rod structures having a "concave-up" bending radius (bending in the direction of the light emission) of 38 mm. The FEA model shows a stress-induced strain gradient with a compressive strain of 4 × 10 −4 at the surface, transitioning through the PET to a tensile strain of 6.5 × 10 −4 at the backside of the substrate. The calculations show the stress within the LED structures to be nearly zero, suggesting that the active region, near the tip of a cylinder, should not experience induced piezoelectric fields during bending of the substrate that may degrade the I-V characteristics and EL peak position of the light emitter.
In order to experimentally validate the simulations and confirm the bending of the flexible substrate that will not alter the optoelectronic properties of the LEDs, the integration of the cylindrical devices onto flexible platforms was achieved through a "paste-and-cut" process. The NW LEDs, grown by PAMBE, possessed a structure similar to the geometry used in the FEA model. After device fabrication, the GaN-based LEDs were bonded onto a temporary handle wafer to allow detaching the LEDs from their original sapphire process wafer. [13] [14] [15] A laser liftoff (LLO) process enabled the transfer of the GaN-based light emitters from their sapphire growth substrate onto the flexible PET film. This approach has been effective for planar thin-film structures, 16, 17 but the integration of three-dimensional cylindrically shaped optoelectronic devices on flexible substrates has not been demonstrated. Figure 2a -d schematically illustrates the process for the LED integration onto the PET. First, the NW LEDs are bonded with an epoxy adhesive onto a temporary receptor substrate (Fig. 2a) . A 266-nm pulsed laser light, with a 5-ns pulse width, was irradiated through the transparent sapphire substrate. The laser pulse, absorbed by the GaN buffer layer, decomposes a thin region of the GaN at the GaN/sapphire interface. Following a lowtemperature (40°C) anneal to melt the decomposed interface (Fig. 2b) , the GaN LED structures are detached from the sapphire substrate. 14 The active region of the dot-in-wire LED is located near the tip of the cylinder structure and the transfer process positions this region at the receptor substrate surface, inverting the LEDs original orientation and reducing the extracted light. In order to return the device structure to its original orientation, a waterbased silver adhesive is applied to the exposed LED back ncontact to bond the LED onto the flexible PET substrate (Fig. 2c) . Fig. 1 The simulated strain gradient for the NW devices on PET with R = 38 mm. The device active region, near the tips of the nanowires, was found to be strain free. A calculated bending moment of 0.0225 N·m for R = 38 mm was used in the simulation Fig. 2 Process flow of the double-transfer process. a The NW LED device is bonded to a temporary receptor substrate, b the sapphire substrate is detached from the NW devices by illuminating a pulsed 266-nm Nd:YAG laser through the sapphire to decompose the GaN at the substrate interface, c a metallic Ag adhesive bonds the GaN NW devices/receptor substrate structure onto a 175-μm-thick PET flexible substrate, and d the NW devices are transferred onto the PET by removing the epoxy bond using an acetone bath. e Schematic of the final transferred NW LED device on the PET substrate. f A cross-sectional FE-SEM image of an array of GaN NW LED devices transferred onto the flexible substrate. The gold and blue colors represent the ITO top contact and GaN NWs, respectively. Scale bar = 1 μm Submerging the bonded structure in acetone selectively removes the epoxy bond, undercutting the LED structures and releasing the receptor substrate (Fig. 2d) . The silver adhesive now serves as both the bottom n-contact and as an optical reflector to enhance light emission from the LEDs. Figure 2e schematically shows the final fabricated dot-in-wire LEDs on the flexible substrate after the two-step "double-transfer" process. Structural characterization of the LEDs after separation from its growth substrate by fieldemission (FE) scanning-electron microscopy (SEM), confirmed the efficacy of the transfer process to separate the devices from their original sapphire platform onto the flexible substrate (Fig. 2f) . Structural degradation to the NW device or the indium-tin oxide (ITO) p-contacts was not observed after transfer ( Supplementary  Fig. 1a, b) . Characterization by atomic-force microscopy (AFM) also showed no observable degradation to the tip of the cylindrical LED structures after the integration process ( Supplementary Fig.  1c, d ).
Electrical characterization of the transferred NW LEDs supported the absence of the structural degradation observed in the FE-SEM and AFM analysis. Figure 3a shows the I-V characteristics of the LEDs biased from −5 to 5 V before and after the integration process. A turn-on voltage of 2.5 V was measured in both cases. The I-V characteristics of the LEDs on PET shows a slight variation compared to the LEDs on sapphire; it is believed the Ag n-contact was responsible for the change. 18 The Ag adhesive was not optimized for its electrical properties and was employed mainly for its use as a selective adhesive for integration onto the PET substrate. The electrical and electroluminescent measurements for the LEDs on flat and mechanically curved substrates were made using this contact; further studies are continuing to optimize the electrical contact of this bonding layer. The inset of Fig. 3a shows the blue-light emission of the NW LEDs under forward bias (I drive = 1 mA) operating on a curved sample holder having a 38-mm radius of curvature in a "concave-down" orientation (bending is in the direction away from the light emission).
The effect of mechanically bending the PET substrate on the LED structures was predicted to have very little stress-induced strain on the active region of the light emitter since this area is out of the plane of bending. A constant 2.5-V turn-on voltage and an invariant forward current of 0.4 mA at 4 V were measured under different bending conditions, demonstrating that the measured electrical properties were independent of the applied bending. Fig. 3 a I-V characteristics of the NW LEDs on sapphire substrate before and after integration onto PET substrates; the slight variation in the forward current is due to the Ag contact used to bond the LEDs onto the PET. The inset shows the blue-light emission of the GaN NW LEDs operating at a 1-mA forward current and the PET substrate flexed to a 38-mm radius of curvature. b The I-V characteristics of the LEDs on PET with different concave-up bending conditions. The results show similar I-V characteristics at different radii of curvature between 22 and 38 mm. c-e Planview SEM images of a GaN nanowire array sample mounted on flat, 32-mm concave-up, and 32-mm concave-down curved substrate holder
The I-V characteristics of the LEDs for a substrate with a "concaveup" orientation (bending is in the direction toward the light emission) are shown in Fig. 3b for bending radii of 38, 32, and 22 mm. A measured leakage current of 10 µA at −2 V reverse bias for the flat (unbent) LEDs did not change during bending for different orientations, providing additional evidence that mechanically flexing the PET substrate does not degrade the electrical properties of the 3D GaN LED structures. The motion of the NWs was verified using SEM, with a JSM-7200F JEOL microscope, for an array of dot-in-wire structures on flexible substrates. Figure 3c -e shows the changes in the spacing between the structures for different bending orientations at R = 32 mm. The tip separation of the structures was measured to be 68 nm in the flat orientation, 59 nm when concave up, and 76 nm apart when concave down, showing a ±8-9-nm range in tip separation depending on the bending direction, consistent with the FEA.
The EL spectra of the light emitters before and after transfer onto PET (driven at 1 mA) is shown in Fig. 4a . The 425-nm peak EL emission did not show a measureable shift after integration onto the PET, suggesting that the release of the NWs from the sapphire substrate did not induce additional intrinsic stress on the NW structures. 19 A measureable increase in intensity under flat conditions was observed after the PET integration and is attributed to enhanced reflectivity from the Ag n-contact bonding layer between the n-GaN and the PET. In this "flat" orientation, the cylinder structures act as a waveguide to direct light downward toward the metal contact that is reflected back toward the surface. While the bending did not affect the electrical and peak emission wavelength, the light intensity of the EL was observed to change during mechanical bending of the substrate (Fig. 4a) in the "concave-up" configuration; surprisingly, the intensity was found to increase with decreasing substrate radii of curvature.
DISCUSSION
To further understand the effect of this behavior on the LED light emission, a finite-difference time-domain (FDTD) model was used to simulate the diode EL intensity change as a function of the substrate bending. The FEA mechanical bending model, first used to predict the induced mechanical strain during bending (Fig. 1) , was also applied to determine the NW displacement, relative to each other, as a function of the radius of curvature for the substrate. The simulated displacements calculated from Fig. 4b were used to determine the tilt angles of the LEDs at R = 38 mm. The effect of different R values were calculated to determine the tilt of the NW structure during bending, and the displacement of the NWs in the x-and y-directions was calculated and referenced to the original position of the rods (inset Fig. 4b ). The calculated tilt angles (up to 0.3°along the substrate edge) are presented in Supplementary Fig. 2 .
Using the calculated tilt angles, a network of 121 NW LEDs (within a 11 × 11 NW array) on a GaN buffer layer having an ncontact Ag adhesive layer, at a wavelength range between 420 and 430 nm, was simulated ( Supplementary Fig. 3 ). The simulation criteria and equations are presented in the Supplementary Discussion. Figure 5a shows the calculated near-field light intensity change of the LEDs, before and after transfer onto the PET and as a function of bending for different radii of curvature. The simulation and the experimental data show a similar trend of enhanced light extraction, due to the substrate bending. The predicted and observed improvement in light output for smaller bending radii represents an interesting and unexpected lightoutput enhancement regime for flexible photonic device operation. To understand this phenomenon further, the light intensity profile, collected from the topside of the NW LEDs, was investigated for (a) LED structures before transfer, (b) LEDs integrated with the silver adhesive onto PET, and (c) structure (d) with the PET having a bending radii of 38 mm (Fig. 5b-d,  respectively) . Initially, the increased light output after integration onto the PET (Fig. 5c) is due mainly to the increased reflectivity from the silver bonding layer used to attach the NW structures onto the PET. The measured light output also showed a similar but slightly lower increase in the EL; the difference is due in part to the nonideal optical reflection of the adhesive and the nonoptimized electrical contact of the Ag junction. The FDTD results suggest that light collection from the curved substrate is related to reducing the distance between the tips of adjacent LEDs, creating increased light integration over a smaller area away from the substrate surface. The highest light intensity was predicted to be from the NW devices on a substrate with a concave-up orientation (Fig. 5c) . This geometry provides a higher effective density of light-emitting quantum dots as the tips move closer to each other during bending along with increased electromagnetic coupling between the light emitters (Supplementary Information). The higher lightemission intensity is a result of the constructive phase interference between emitted and downward reflected light for an array of cylindrical LED structures. The broader emission peaks of the experimental EL spectrum shown in Fig. 4a compared with the simulations may be due to a slight nonuniformity in the diameter of the fabricated LED devices. Combining the results from the FEA and FDTD analysis provides persuasive support for implementing NW LEDs for optimizing photonic devices using flexible platforms. This approach may be used for a broad range of applications, from flexible displays to conformal solid-state lighting, which require high brightness without additional energy consumption while maintaining uniform emission wavelengths.
The simulated and experimental findings show that substrate bending provides a means to mechanically manipulate NW LED structures that enhances their light output compared to planar device counterparts. Peak emission wavelengths remain constant during applied mechanical bending of the substrate due to the predicted small in-plane strain within the rod structure. The mechanical bending of the flexible substrate in the concave-up direction increases the light-extraction efficiency as a function of the substrate radius of curvature without introducing a shift in the , where θ is the angle between the nanowire structure during bending after shifting in the Δx and Δy direction peak emission wavelength. These findings add new insight to the implementation of flexible photonic structures to achieve higher light output through mechanical manipulation, providing a novel approach for realizing flexible GaN-based NW LED devices that have increased functionality and improved performance.
METHODS

Modeling and simulation
The LED structures were modeled using the commercially available FEA simulation tool, COMSOL Multiphysics. To mimic an applied bending stress on the PET substrate, a bending moment, M, applied along the ends of the substrate, was determined using the Stoney equation (M ¼ Ed 3 w 12R ) for various radii of curvature, R, where d and w are the substrate thickness and width, respectively, and E is the elastic moduli. 20 All materials properties were assumed to be linearly elastic and temperature independent with an initial zero-bending stress. A relative tolerance of 0.001 was used for solving stationary equations with higher accuracy.
The 3D-FDTD calculations were performed using the commercial software tool, Lumerical. Perfectly match layer (PML) boundary conditions were employed to calculate the light-extraction efficiency based on integrating the Poynting vector over time along the NW surface. To increase the accuracy of the calculations, the PML attenuation factor (σ) and auxiliary attenuation factor (κ) were set to 0.25 and 2, respectively. To have meaningful results, the electromagnetic field should not change significantly from one mesh grid to another one. Accordingly, a minimum mesh step of 0.25 nm and time step of 0.0326 fs were used in all simulations. The light-emission properties were modeled as dipole sources having a wavelength range between 420 and 430 nm. The region of the NW below the active region was also considered as a photonic waveguide, providing two-dimensional light confinement along the transverse direction in the longitudinal z-direction along the length of the NW, 21 assuming matched layer-boundary conditions along the sidewalls of the NW. A network of 121 NW LEDs (within a 11 × 11 array) on a GaN buffer layer was integrated with the n-contact silver-bonding layer shown in Supplementary Fig. 3 .
Materials and device processing
The GaN dot-in-rod (NW) LED structures were fabricated using selectivearea growth in a Veeco GENxplor radio frequency plasma-assisted molecular-beam epitaxy system. The GaN dot-in-rod LED heterostructure consists of~450 nm GaN:Si, five InGaN (4 nm)/GaN(8 nm) quantum dots in the active region, and~200 nm GaN:Mg segment. The growth conditions of GaN:Si segment included a substrate temperature of 990°C and a Ga beam equivalent pressure of 2.8 × 10 −7 Torr. For the growth of the InGaN/ GaN quantum-dot active region, the substrate temperature was reduced to 760°C, and the In and Ga beam equivalent pressures were 2.0 × 10 −7 and 8.0 × 10 −9 Torr, respectively. The GaN:Mg segment was grown at a substrate temperature of~975°C, a Ga beam equivalent pressure of 2.8 × 10 −7 Torr, and a Mg beam equivalent pressure of 2.6 × 10 −9 Torr. The growth temperature was referenced to a thermocouple reading at the backside of the sapphire substrate. The photoluminescence (PL) emission of such NW LED heterostructure exhibits a dominant peak with the linewidth of~20 nm at~427 nm that originates from the emission of InGaN quantum dots and a relatively weak peak at~365 nm from emission of the GaN (Supplementary Fig. 4) . In order to planarize the surface and passivate the NW sidewalls, a thin (~1 µm) polyimide (PI) film (from HD Microsystem, PI 2610) was spin-coated at 3000 rpm for 30 s followed by baking at 350°C in a nitrogen oven for 30 min. A reactive oxygen etching was used to remove the PI to expose the top surface of the p-GaN segment of the NWs. Ni (6 nm)/Au (6 nm) metal layers were then deposited on pGaN top surface and polyimide in the regions of NW arrays by photolithography and e-beam evaporation followed by rapid thermal annealing at 500°C. A 100-nm ITO layer was deposited and annealed in vacuum to serve as a current spreading contact layer. In order to obtain uniform current injection, Ni (20 nm)/Au (100 nm) metal grids were deposited on the ITO layer using e-beam evaporation. A Ti (20 nm)/Au (100 nm) metal layer was employed as an ohmic contact to the n-GaN substrate.
LLO process
GaN NW LEDs were bonded onto a silicon wafer using Crystallbond 509-3 mounting adhesive. Following the bonding process, a 266-nm Nd:YAG laser with a power density of 900 mJ/cm 2 was raster scanned at 4 Hz through the transparent sapphire to decompose the GaN at the GaN/ Fig. 5 a 3D -FDTD-simulated light-extraction efficiency for NW LEDs on different curved surfaces. The light intensity emitted from the topside of a b freestanding NW LED device and c after bonding to the PET substrate using the reflective Ag adhesive. d The light intensity for NW LEDs on a flexible PET substrate having a 38-mm radius of curvature sapphire interface. The spot size of the laser beam was 140 μm × 25 μm and was rastered across a sample area of 1 cm × 1 cm. A thin layer of highperformance silver paste from Ted Pella (dispersed in an inorganic silicate aqueous solution) was used to attach the exposed n-side of the GaN devices onto the flexible PET substrate. This structure was immersed into a hot acetone bath to selectively dissolve the Crystallbond adhesive layer and release the silicon carrier substrate. The samples were then sequentially immersed in fresh acetone and alcohol baths for 5 min each to wash out any adhesive residue from the topside of the NW LEDs and metal contacts. The "double-transfer" process was completed by drying the samples with nitrogen gas.
Device characterization PL measurements were carried out at room temperature using a 325-nm He-Cd laser excitation source (IK Series, KIMMON KOHA). The incident beam was focused on the sample surface through a 15× objective lens. The PL light from the sample was resolved by a high-resolution spectrometer (iHR550, HORIBA) with 1200 g/mm grating and detected by a photomultiplier tube. A long-pass filter (>355 nm) was placed in front of the entrance of the spectrometer.
The NW LED I-V characteristics were measured before and after integration onto the PET substrates using a Micromanipulator 7000 probe station and a Keithley 6430 parameter analyzer. The EL measurements of the devices on a curved PET substrate were accomplished, using the same instrumentation with the samples attached to curved substrate holders made from machined aluminum. The samples were taped onto the holders using adhesive Kapton® tape. The devices were then probed directly in a curved orientation of different radii of curvature.
The EL measurements were accomplished using an Ocean Optics SB2000+UV-VIS spectrophotometer with a Sony ILX511B 2048 element linear silicon CCD array with an optical resolution of 1.5 nm (full width at half maximum). The devices were attached to the substrate holders and were then probed directly in flat and curved orientations of different radii of curvature.
Structural characterization
The SEM images were taken using a JSM-7200F JEOL microscope system. The experiments were performed with 0°, 90°, and 45°angle sample holders to observe the device cross section. An accelerating voltage of 10 kV was used for imaging. The AFM scans were performed on a Veeco Bruker DI Dimension 3100 systems using a Si probe tip. The scan was operated under tapping mode over a scan area of 100 μm 2 with a scan rate of 1 Hz.
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